Donor lymphocyte infusion (DLI) is commonly used to treat leukemia relapse following stem cell transplantation. In florid relapse, however, the efficacy of DLI is limited with substantial risk of severe graft-versus-host disease (GvHD). Here, we develop a novel risk-adapted strategy characterized by pre-emptive DLI initiated at the time of mixed chimerism, a small starting dose based on donor source, dose-escalation guided by real-time chimerism monitoring and withholding of DLI immediately in patients achieving full donor chimerism. A total of 178 DLIs were given to 38 patients with mixed chimerism; thereafter, 33 patients (86.8%) had donor chimerism successfully increased, including 30 (78.9%) who had chimerism fully converted back to 100% donor. Cumulative incidence of relapse was significantly lower (P ¼ 0.00004) and overall survival higher (P ¼ 0.0003) in patients with chimerism fully corrected as compared with those of patients whose chimerism remained mixed. Only 13.2% of the patients developed acute grade III-IV GvHD with no associated mortality. In conclusion, the risk-adapted DLI strategy is useful in minimizing the risk of childhood leukemia relapse, GvHD and death.
INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (HSCT) is curative in patients with high-risk leukemia but is not always successful. 1 Despite attempts in enhancing the efficacy of conditioning regimens and graft versus leukemia (GvL) effects, disease relapse still commonly occurs. 2, 3 Several approaches have been used to treat leukemia relapse following HSCT, including discontinuation of immunosuppression, re-induction chemotherapy or repeat transplantation. 4 Alternatively, donor lymphocyte infusion (DLI) may be considered if cells are available. 5 DLI is a form of adoptive immunotherapy to induce GvL activity. 6, 7 The efficacy of this approach is dependent upon the type of disease and the dose of infused CD3 þ lymphocytes. Encouraging results have been observed in chronic myeloid leukemia (CML) and indolent lymphomas; however, the response is generally limited in florid relapse of acute myeloid leukemia (AML) or acute lymphoblastic leukemia (ALL), and the patients are at risk of severe graft-versus-host disease (GvHD) or marrow aplasia. [5] [6] [7] [8] [9] Therefore, several modifications in administering DLI have been investigated in order to optimize the response probability and to minimize complications, including the use of chemotherapy before DLI, escalating lymphocyte dosage, administration of short-term immunosuppression and the use of specific T-cell subsets or gene-modified effector cells; [10] [11] [12] [13] [14] [15] however, the efficacy remains limited, and the risk of developing GvHD is still substantial. 4, 6, 7 Thus, an international workshop was held by the National Cancer Institute recently to specifically address the biology, prevention and treatment of relapse after HSCT. 3, 4, 16, 17 The limitation of DLI in treating pediatric AML or ALL in frank relapse has led to the investigation of pre-emptive DLI at the time of mixed chimerism. 18, 19 Previous studies have shown that decreasing donor chimerism heralds leukemia relapse. 20, 21 By using serial chimerism analysis, impending hematological relapse could be detected in advance to allow time to collect cells from the donor for DLI. 22 Recently, this approach was shown to be feasible in both single center and co-operative group setting. 18, 19 Here, we reported the efficacy and toxicity of another riskadapted approach in administrating DLI as pre-emptive immunotherapy for childhood leukemia based on chimerism and donor source. The data showed that this strategy is successful in more than three-quarters of the recipients with minimal risk of GvHD mortality.
PATIENTS AND METHODS Patients
Thirty-eight consecutive patients with mixed chimerism off immunosuppressive therapy received a total of 178 DLIs initiated at a median of 3 months after HSCT. All the patients were diagnosed with hematological malignancies and underwent allogeneic HSCT at the St Jude Children's Research Hospital, Memphis, TN, USA. The patients received DLI between 1 May 2007 and 31 December 2011 after informed written consent was obtained from patients or their legal guardians. The study was approved by our institutional review board. day þ 100, monthly until first annual visit and then yearly). DLI was not given until two consecutive tests revealed mixed donor chimerism (defined as p99% donor) or until a mixed chimerism test was accompanied by evidence of viral reactivation or minimal residual disease (MRD). The starting dose of DLI was based on the relative frequency of alloreactive cells and the associated risk of GvHD according to the donor source (that is, haploidentical4unrelated4matched-sibling). Thus, the first DLI dose was 2.5 Â 10 4 , 1 Â 10 6 and 1 Â 10 7 CD3 þ cells/kg, respectively. Subsequent doses of DLI were escalated conservatively by a twofold increment. Repeated DLI every 2-4 weeks was given only to patients with persistent mixed chimerism and was stopped immediately when the chimerism converted back to 100% donor, thus limiting the risk of GvHD.
Chimerism assay
Chimerism analysis was performed at the St Jude Molecular Pathology Laboratory, using variable number of tandem repeats (VNTR) analyses as described previously. 23, 24 DNA was extracted from whole blood without cell separation. Donor and recipient alleles were screened before transplantation using a panel of 24 VNTR markers established for forensic genetic fingerprinting. The marker that could best discriminate the recipient versus donor pair was then chosen for post-HSCT follow-up. PCR fragments were separated by capillary electrophoresis on an ABI 3130 Genetic Analyzer (Applied Biosystem, Foster City, CA, USA) equipped with the Genescan Analysis Software. The test results were reported as donor percentages using the equation: Percentage of donor ¼ S donor peak/S donor peak þ recipient peak. The sensitivity of this assay for detecting recipient cells was 1%.
Viral surveillance PCRs
Serial quantitative PCR testing for cytomegalovirus (CMV), adenovirus, and Epstein-Barr virus was performed at the St Jude Molecular Microbiology Laboratory as described previously. 25 The test was performed at the same time with chimerism assays in the first year after HSCT.
MRD assay
MRD assay in the bone marrow was performed at the St Jude Immunopathology Laboratory. 26 Bone marrow was obtained from patients at the time of diagnosis or relapse in order to identify leukemia-specific immunophenotypes. Cells with leukemia-associated immunophenotypes were enumerated by multi-parameter flow cytometry. The assay was able to detect one leukemic cell among 10 000 normal cells.
MRD assay was performed routinely in bone marrow aspirates at 1 month, 3 months and 1 year post HSCT. The assay was also performed monthly in patients with mixed chimerism.
Statistical analysis
The probability of overall survival (OS) was estimated by the Kaplan-Meier method and was compared between the groups by the log-rank test. OS was measured from the day of first DLI to the day of death. Cumulative incidence of relapse (CIR) was estimated after adjusting for competing risk of death by the method of Kalbfleisch and Prentice and was compared between the groups with the use of Gray's test. Logistic regression analysis was used to test for statistical correlations between chimerism response and primary disease (ALL or AML), age, gender, donor source, type of conditioning regimen and level of donor chimerism at the initiation of DLI. The nominal significance level was set at 0.05. SAS version 9.2 (SAS Institute, Cary, NC, USA) and R-2.15.0 (R Foundation, Vienna, Austria) were used for the statistical analysis.
RESULTS

Patient characteristics
Patients' characteristics are summarized in Table 1 . Thirty-eight patients were treated for ALL (n ¼ 14), AML (n ¼ 16), acute biphenotypic leukemia (n ¼ 3), CML, (n ¼ 3), juvenile myelomonocytic leukemia (n ¼ 1) and myelodysplastic syndrome (n ¼ 1). One-third of the patients were not in remission before transplant, and the majority received a HLA-haploidentical graft (73.7%) with reduced-intensity conditioning regimen (79.0%). All of the haploidentical grafts were CD3 þ cell-depleted ex vivo. The primary indication for DLIs was mixed chimerism (median 94% donor, range 15-99%) with or without concurrent viral reactivation or detectable MRD.
Treatment response after DLI administration
The median number of DLIs per patient was 4 (range, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The median cumulative cell dose in the DLIs was 2 Â 10 6 CD3 þ cells/kg (range, 2.5 Â 10 4 -72.6 Â 10 7 CD3 þ cells/kg). The overall responses after DLI are summarized in Figure 2 .
Among the 38 patients, 33 (86.8%) responded to DLI therapy, including 30 patients (78.9%) who had donor chimerisms fully converted back to 100% and 3 patients (7.9%) who had increased donor chimerisms. Three of them (2 complete and 1 partial response) had chimerism level o50% when DLI was initiated (15, 25 and 34% donor) . Five patients (13.2%) failed to respond and had further decrease in chimerism.
We did not observe a difference in chimerism response between patients with ALL or AML (P ¼ 0.24). There was also no statistical correlation between response rate and the level Figure 1 . Diagram of risk-adapted DLI strategy based on chimerism and donor source.
Risk-adapted donor lymphocyte infusion P Rujkijyanont et al of donor chimerism at the initiation of DLI (P ¼ 0.48), age at HSCT (P ¼ 0.52), gender (P ¼ 0.74), conditioning regimen (total body irradiation-based versus Fludarabine-based, P ¼ 0.1), donor source (haploidentical versus MSD, P ¼ 0.12; haploidentical versus matched-unrelated donor, P ¼ 0.3) and disease status at HSCT (remission versus non-remission, P ¼ 0.73).
Eight patients who received DLI for mixed chimerism were also noted to have concurrent viral reactivation at the time of DLI therapy. All the eight patients and their donors were CMV seropositive before transplantation. Seven had CMV reactivation with their initial CMV copy number ranging between 33 000 and 1 200 000 (median 610 000) per ml of blood, and one had adenovirus reactivation with the initial adenovirus copy number of 6087 per ml of blood. Viral monitoring revealed positive response to the DLI in all the patients. The patient with adenovirus reactivation had a negative adenovirus PCR test, so did three of the seven patients with CMV reactivation. All of the remaining 4 patients with CMV reactivation had a significant decrease in CMV copy numbers by 4100-fold after DLI administration. None of these eight patients developed clinical evidence of viral diseases thereafter.
In the 7 patients (4 with AML, 2 ALL and 1 acute biphenotypic leukemia) who had MRD detectable in their marrow at the time of DLI therapy (median, 0.34% MRD; range, 0.004-18%), all had blood donor chimerism successfully converted to 100% after DLI administration; their MRD became negative (and remained negative) in 3, was decreased in 3 but increased in 1 after the DLI treatment. In one of the three patients with partial response, MRD initially became negative after DLI therapy, reappeared 3 months later and is decreasing after additional DLI therapy. The second patient with partial response and decreasing MRD underwent a second allogeneic HSCT and is currently in remission. The third patient with partial response and decreased MRD subsequent died of leukemia relapse after a second allogeneic HSCT. The patient who did not respond to DLI is currently in remission after a repeat allogeneic HSCT. All repeated allogeneic HSCT were done using different donors.
Survival and relapse outcomes based on chimerism response Of the 38 patients, 11 died of leukemia relapse and 1 succumbed from an anesthetic complication (Supplementary Table S1 ). The OS of patients with chimerism reverted to 100% post DLI was significantly higher than that of patients who had partial or no response to DLI (80.2 ± 9.3% s.e. versus 0 at 3 years, P ¼ 0.0003; Figure 3a ). Given that a positive MRD assay could independently affect patient's survival outcomes, additional analyses were performed after excluding the seven patients with detectable MRD. Similarly, among the remaining 31 patients, the OS of those with chimerism reverted to 100% post DLI remained significantly higher than that of those with partial response or no response Alive (15) Deceased (1) Deceased (3) Deceased (4) Viral PCR turned negative (4) Converted to 100%
Viral PCR decreased (4) Alive (4) Alive ( Risk-adapted donor lymphocyte infusion P Rujkijyanont et al (83.1 ± 8.9% versus 0 at 3 years, P ¼ 0.0009; Figure 3b) . No difference in OS was observed between the patients who had partial response and those with no response. CIR after DLI was 33.5 ± 2.1% at 3 years in patients with chimerism reverted to 100% post DLI, significantly lower than those of patients who had partial response (100±11.1%) or no response to DLI therapy (80 ± 8.3%) (P ¼ 0.00004; Figure 4a ). Additional analysis was performed by excluding the seven patients with detectable MRD. The CIR in the patients with chimerism reverted to full donor chimerism post DLI was statistically significantly lower (16.9 ± 1%) compared with those in the patients who had partial response (100 ± 11.1%) or no response (80±8.3%) (P ¼ 0.0001). No difference in relapse was observed between the patients who had partial response and those with no response.
Toxicity and GvHD
The characteristics of the 10 patients who developed GvHD are summarized in Table 2 . Using our risk-adapted DLI strategy, none of the four matched-sibling and six matched-unrelated HSCT patients developed acute GvHD after DLI. The rate of GvHD in haploidentical HSCT patients was 35.7%, with only 17.9% having grade III-IV GvHD. The majority of the patients (70%) had single organ involvement. Only two patients had two organ involvement and one patient had three organ involvement.
Currently, 7 of the 10 patients with GvHD are clinically well: one patient died of leukemia, the other died of central line-associated bacteremia after leukemia relapse, and the third died of anesthetic complication. None of the patients died because of DLI toxicity. Chronic GvHD was noted in 3 patients (7.9%): one had extensive GvHD of the liver and skin improving with therapy and the other 2 had skin GvHD that resolved completely with treatment.
DISCUSSION
Although DLI is a treatment option for allogeneic HSCT patients who experienced disease relapse, its clinical success has primarily been limited to those with CML and indolent lymphoma. 6, 7 In acute leukemias, small doses of donor lymphocytes are usually not effective, but large doses of cells may increase the risk of fatal GvHD. Here, we developed a simple risk-adapted strategy of DLI without the need of ex vivo manipulation or administration of GvHD prophylaxis. Our approach was successful in more than three-quarters of the recipients with minimal risk of GvHD. The improvement in efficacy may, in part, be related to intensive chimerism monitoring (weekly in the first 100 days and then monthly in the first year), immediate initiation of pre-emptive DLI at the time of mixed chimerism (before detectable MRD) and frequent administration of subsequent doses (every 2-4 weeks). The risk of GvHD was minimized by a small starting dose based on Figure 3 . OS after DLI for mixed chimerism in (a) all patients or (b) patients without detectable MRD. Kaplan-Meier curves were generated separately on patients who successfully had chimerism reversed to 100%, on those who had increased donor chimerism and on those whose chimerism decreased after DLI administration.
All patients
Excluded patients with + MRD 100%±11.1% 80%±8.3% P = 0.00004 Figure 4 . CIR after DLI for mixed chimerism in (a) all patients or (b) patients without detectable MRD. CI was calculated separately on patients who successfully had chimerism reversed to 100%, on those who had increased donor chimerism and on those whose chimerism decreased after DLI administration.
Risk-adapted donor lymphocyte infusion P Rujkijyanont et al donor source, conservative dose-escalation by only twofold guided by real-time chimerism response and withholding of DLI instantaneously when the chimerism converted back to 100%. Several studies reported the use of DLI in hematological relapse of pediatric leukemias after allogeneic HSCT; the complete remission rate was only about 20% in AML or JMML and was o10% in ALL. 6, 9, 27 Furthermore, the risk of acute GvHD was substantial (between 50-60%). 6, 7 In order to minimize this side effect and tip the balance in favor of GvL, several approaches have been investigated, including setting a limit of T-cell dose, selective depletion of certain T-cell subsets, insertion of suicide genes or chimeric receptors into effector cells or activation of donor T cells ex vivo. [11] [12] [13] [14] [15] 28 Most recently, a modified DLI regimen was developed using pre-DLI chemotherapy, granulocyte colonystimulating factor-mobilized peripheral blood stem cells and post-DLI immunosuppression; 29 however, the cumulative incidence of acute GvHD was still substantial (53.2% for grades II-IV and 28.4% for grades III-IV). By using our risk-adapted approach (Figure 1 ), only 13.2% of the entire cohort or 17.9% of the haploidentical HSCT patients experienced grade III-IV acute GvHD, with no associated mortality. Furthermore, none of the 10 patients who received matched-sibling or matched-unrelated DLIs developed acute GvHD. As no patients died of DLI-associated complications (0/37; 95% CI 0-9.4%), the o10% risk of mortality related to DLI compared favorably with the 480% risk of leukemia relapse associated with mixed chimerism (Figure 4) .
Because no GvHD prophylaxis is required with our approach, DLIs were also useful for the control of concurrent viral infection. 30 Despite the use of contemporary pharmacological interventions, success in eradicating viral infections is limited in these severely immunocompromised patients. Therefore, most of the patients require prolonged courses of anti-viral treatment. The longer the treatment is required, the higher the risk of developing serious side effects, such as myelosuppression and renal dysfunction. Although viral-specific DLIs are useful in treating HSCT patients with viral infections, these cells require specialized laboratory for preparation. 31 The use of our DLI administration strategy seemed to be as effective and safe when given concurrently with anti-viral medication and does not require ex vivo manipulation. All the eight patients with viral reactivation achieved significant response to therapy. Further studies with direct assay for virus-specific immunity in larger number of patients are warranted.
The lack of GvHD may not translate to a lack of efficacy in leukemia control, although several studies reported that GvHD appeared to correlate with response to DLI. 6, 7 Our strategy of administering DLI was highly effective in general, even with relatively low starting doses, primarily because DLI was given preemptively to patients with mixed donor chimerism before frank hematological relapse. In the two largest pediatric multi-center studies published thus far, a total of 25 patients (17 with ALL and 8 with AML) received DLI as frontline treatment for mixed chimerism. Four (24%) of the ALL patients and 4 (50%) of the AML patients survived, compared with 0% survival in those without immunotherapy. 18, 19 The poor prognosis of mixed chimerism in these reports was confirmed in our study, as 8/8 patients with no or partial response died shortly with all relapses occurring within 3 months after the onset of mixed chimerism. In contrast, 80% of the 30 patients with complete response survived long term. Thus, our finding underscores the importance of correcting mixed chimerism immediately and maintaining patient's donor chimerism at 100% continually. For the patients who fail to convert back to 100% donor, our current approach is to perform repeat allogeneic HSCT as soon as possible. Monitoring of donor chimerism by VNTR is technically easier than that for MRD by PCR or flow cytometry, as diagnostic samples may not be available to the transplant centers to establish the leukemia markers. 32 Standardization of chimerism monitoring in multicenter setting is feasible and has recently been implemented. 33 In summary, our study confirmed the imminent poor prognosis of mixed chimerism and provided the largest data set thus far on the outcomes of pre-emptive DLI for mixed chimerism in childhood leukemia. Based on the favorable results of our regimen, further studies in other pediatric populations are warranted. Our approach should be readily adaptable by all the transplant centers.
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